Timbre provided by the resonant characteristics of the vibrating body can be represented as spectral envelope patterns and can contribute as one of the important cues for sound source identification. However, its concept is not so strictly established as that of loudness, and of pitch. Recently, the fact that the spectral pattern can be decomposed into two factors, i.e., the shape and size of the resonant body, has been reconsidered. Several psychophysical findings have successfully suggested that a "bottom-up" perceptual mechanism of the decomposition might be implemented. Manipulating the scaling factor of resonance can change the perceptual size of the sound source. By concatenating synthesized vowel segments whose resonant scale (RS) alternates between two values in an "ABA-ABA-" fashion, one can generate series of test stimuli for stream segregation with the galloping rhythm paradigm. The experimental results revealed that the RS factor could provide a reliable cue for streaming. As an extreme variation of this RS alternation, scale alternating wavelet sequences (SAWSs) have been proposed. In the SAWS, the RS alternates at every regular time grid. When the difference between the two RS factors exceeded a certain limit, perceived pitch shifted downwards by an octave.
INTRODUCTION
Timbre has been considered as one of the important perceptual attributes in parallel with loudness and pitch. However, its characteristics and physical correlates have not been well defined compared to the other two. One major reason might be that it lacks the dimensionality. While it is not difficult to order loudness and pitch on a certain scale, it seems inappropriate to imagine just one dimension to characterize the timbre.
Even if one restrict the concept of timbre as a perceptual attribute dependent on the pattern of power spectral envelopes, the problem would remain unsolved because it is composed by the shape and size of resonant bodies. Irino and Patterson [1] proposed the Mellin transformation model of the auditory system which hypothesizes that information conveyed by the spectral envelopes can be decomposed into the size-originated aspect and the shape-originated one. This theoretical work was followed by a series of empirical studies which demonstrated the auditory ability to judge the size of resonant bodies, i.e., the resonant scale (RS). It has been reported that the Weber fraction to discriminate RS change is as small as 5 % [2] , and that we can normalized RS to identify vowel categories even when RS is far beyond/ below the possible limit of the natural human beings [3] .
It should be noted that RS can be ordered from "small" to "large". This indicates that we might extract another dimension for sounds in addition to loudness and pitch. It would be worth while comparing the characteristics of RS to those of loudness and pitch.
Loudness can be considered as the most basic attribute because it reflects the total power of sounds and because the primitive goal of our auditory system can be a power detector of the vibration conducted through the air. It tells the existence or appearance of a sound source. However, the degree of source specification is limited because loudness can be influenced both by the total power emitting from the source and by the distance between the source and the observer.
Pitch reflects the periodicity of the energy supply to a certain sound body. Because the temporal structure such as the periodicity is robust against the possible distortions in the conducting process, it can characterize the sound source more specifically than loudness. The higher animals have developed the way of communication using the pitch to specify the communication channels, and they (especially, human beings) sometimes change the fundamental frequency of their phonation intentionally.
RS is influenced by the size of the resonant body as well as by the density of the media. In case of resonant cavities such as a vocal tract, the media is the common, atmospheric air. Accordingly, RS of voices could be a good indicator of the body size, or (more precisely) vocal tract length. The controllability of RS is more restricted than that of pitch, which suggests that it might be a more reliable signature of a certain sound source than pitch.
As a branch of RS related studies, Tsuzaki and his colleagues have done a series of experiments investigating effects of a rapid change of RSs on vowel perception [4, 5] , stream segregation and pitch perception [6, 7, 8] . The purpose of the current paper is to review those studies.
EXPERIMENTS Experiment 1: Sinusoidal Modulation of RS

Purpose
The primary purpose of this experiment was to demonstrate that RS normalization works automatically and that we can identify unnatural vowels whose RS factor varies sinusoidally. The secondary purpose was to find the limit of the processing speed of RS normalization.
Stimulus
Six-vowel sequences comprising three vowel categories, "a, i, u" were used as test stimuli. They were synthesized by concatenating natural utterances by a male narrator. RS factor was modulated by dilating or contracting each impulse response of the original vowels. STRAIGHT vocoder [9, 10] was used to generate the stimuli. The scaling factor ranged from half an octave below and above the original point. Quasi continuous modulations was applied based on sinusoidal functions whose frequencies were 0.24, 0.49, 0.98, 1.95, 3.91, 7.81, 15.52, 31.25, and 62.50 Hz. The average duration of these six-vowel sequences was 2,035 ms, when the original temporal structure was preserved in the synthesis, <<Slow Condition>>. The durations were shortened to the half of the original one in the other condition, <<Fast Condition>>.
Task
Participants were required to identify the vowel sequences. To reduce the memory load, they could choose an answer from four response alternatives. Fig. 1 depicts the correct response percentages as a function of the modulation frequency. The performance level was no lower than 90% suggesting the efficiency of RS normalization process. It could not be assumed that any participant had a chance to "learn" those unnatural vowel sequences. Therefore, it indicates that the process is automatic. The pattern of dependence on the modulation frequency was not monotonic. The performance deteriorated gradually as the modulation frequency increased up to 3.91 Hz, but it "recovered" beyond that point. Because this "dip" of the performance level was observed at the same point independently of the vowel durations, it might reflect some interactions between RS modulation and the time constant of the normalization process.
Results and Discussion
Experiment 2: Segmental Modulation of RS
Purpose
The original purpose of this experiment was to investigate effects of RS modulation more precisely applying RS modulation linked with each vowel segment. In the case of the sinusoidal modulation, it was difficult to clarity what sorts of RS modulation affected the performance in detail, because the modulation pattern was imposed independently of the exact segmental durations of vowels, i.e., in some cases, modulation occurred within a vowel, and in other cases, a slow modulation was applied extensively over several vowels.
Stimulus
RS factor was fixed through a single vowel segment, but alternated between two values segment by segment. We used 40 vowel sequences of six-vowel sounds, and each sound was one of five vowels (/a/, /e/, /i/, /o/, and /u/). RS factor was alternated between -0.25 and 0.25 octave or -0.5 and 0.5 octave. Therefore, the range of RS factor was 0.5 or 1 octave. In addition to these alternated conditions, a non-alternated condition was prepared. The duration of each vowel segment was set to 85 or 170 ms (Fast, and Slow conditions, respectively).
Task
<<Identification>> In each trial, each participant was required to answer all the six vowels in the right order by pressing five buttons on a graphical user interface after listening to a sequence.
<<Detection>> Two seconds before a stimulus was presented, the target vowel was presented on a graphical interface as ''a,'' ''e,'' ''i,'' ''o,'' or ''u.'' There were two trial types. One was a positive trial, and the other was a negative trial. In the positive trial, the target vowel was presented at the third or fourth serial position in the sequence. In the negative trial, it was replaced by one of the other vowels.
Results and Discussion
The raw data indicated that it was difficult for some listeners to identify vowel sequences even under the nonalternated condition. This suggests that uncontrollable factors other than size alternation, such as the limitation of the speed of encoding the vowel sequence and the difficulty of retrieving the memory trace for the sequence, affected the individual performance level for this task. To avoid the contaminating effects of these factors on the identification performance, identification scores were normalized; the normalized correct score, SNC, was calculated as a function of each vowel sequence, j, by
where the subscript i represents the listeners. P(Ci,j) represents the correct response rate of the ith listener for the jth vowel sequence at a certain range of RS factor, while Pref(Ci,j) represents the corresponding correct response rate for the sequence with no size alternation. A s depicted in Fig. 2 , the identification of each vowel in the sequence became difficult as the range of RS factor enlarged. This tendency appeared more prominent for Fast condition than Slow condition. In comparison, the detection of the target vowel in the sequence did not deteriorate severely by RS modulation (Fig. 3 ). This suggests that the severe deterioration by RS modulation in the identification task might not be caused by the difficulty in identifying the vowel categories but by the difficulty to combine them in the proper serial order. It is probable that this difficulty in ordering sounds would occur by the stream segregation. It has been reported that the difference in timbre can induce stream segregation, and the difference in RS can be regarded as a special type of timbre differences. Therefore, we investigated the possibility of RS-originated stream segregation more directly in the next experiment.
Experiment 3: Galloping Rhythm Paradigm -RS and F0 -
Purpose
The purpose of this experiment was to investigate the function of RS difference in stream segregation using the typical galloping rhythm paradigm. The secondary purpose was to compare the effect of RS difference to that of F0 difference.
Stimulus
Repeating patterns of synthesized vowel sounds were used as test stimuli. A gallop pattern with four time slot, i.e., "ABA-", was repeated for 10 s. The slot "A" and "B" contained vowel sounds, and the slot "-" contained a pause. The vowels in the slots "A" had an equal RS factor, and the vowel in the slot "B" had a different RS factor, or F0. The vowel category for each slot was assigned randomly from five vowel categories, "a, e, i, o, u", with a restriction that the same vowel categories never occurred in succession. The difference in RS factor or F0 between "A" and "B" varied from 0 to 16 semitones by 2 semitones. The period of the repetition was 75.0, 78.9, 83.3, 93.8, 100.0, 107.1, 115,4, 125.0, 136.7, and 150.0 ms. All the sounds were synthesized based on natural utterances by a Japanese male speaker.
Task
Each participant was required to evaluate the degree of saliency of the "galloping" rhythm on a seven-point scale. He/She was instructed to depend his/her impression for the later part of the 10 s. Each participant was tested in four conditions which combined two types of listening attitudes and two types of difference type. The difference type was RS or F0. The listening attitude type was (a) Coherent-bias, or (b) Fissile-bias. In Coherent-bias condition, participants were instructed to try to hear the galloping rhythm as possible as they could. In Fissile-bias, they were instructed to try to hear out one of the two types of sounds. The area with reddish colors appeared to be smaller for RS alternation than for F0 alternation, which suggests that the sequences were more easily to be segregated in RS alternation than in F0 alternation. On the other hand, the area with a deep blue appeared to be larger for F0 alternation than RS alternation, which suggests that more convincing image of segregation would be provided in F0 alternation than in RS alternation. Fig. 6 depicts the results of Fissile-bias condition in the same manner as Coherent-bias condition. The area with bluish colors became larger in this condition than in Coherent-bias condition. This reflects that the instruction to control the participants' listening attitudes reasonably worked. Although the bias was shifted by the instruction, the general tendency depending on the physical difference between A and B sounds, i.e., RS vs. F0, was common with the results in Coherent condition.
Results and Discussion
Experiment 4: Galloping Rhythm Paradigm -Interaction between RS and F0 -
Purpose
In the natural environment, both RS and F0 vary depending on the body size. For example, female speakers generally have shorter vocal tracts and shorter vocal folds than male speakers. Accordingly, female voices tend to have smaller RS and higher F0 than male ones. Such existence of the correlation suggests that any interaction between RS and F0 might be observed as functional cues for segregation. The purpose of this experiment was to test the equivalence of the combined alternation of RS and F0 in a galloping experiment. As depicted in Fig. 7 , auditory objects can be assumed to be position in an Euclidian space constituted of RS dimension and F0 dimension. If the perceptual distance between two auditory objects can be defined as an Euclidian distance in this space, it would be predicted that the alternation between two sounds along the positively correlated position (depicted with the black line segment) would have an equivalent effect on segregation to the alternation between two sounds along the negatively correlated position (depicted with the red line segment).
Stimulus
While the manipulation of the parameters was exclusively applied to RS, or F0 in Experiment 3, both RS and F0 were simultaneously manipulated in this experiment. In the positive condition, the parameters were manipulated along with the change commonly observable in the natural environment, i.e., if the sound "A" was a vowel sound from a short vocal tract driven by a high F0, the sound "B" was one from a long vocal tract driven by a low F0. In the negative condition, the correlation was reversed, i.e,. if the sound "A" was a sound from a short vocal tract driven by a low F0, the sound "B" was one from a long vocal tract driven by a high F0. In the both conditions, Euclidian distance between two sounds was set to 2.83, 5.66, 8.49, 11.3, and 14.1 semitones. These distance factor was diagonally combined with the alternation period factor, i.e., 83.3, 93,8, and 107.1 ms.
Task
The task of the participants was essentially similar to that in Experiment 3.
Results and Discussion
The average evaluation scores for the galloping saliency were calculated pooling over the participants and the distance variation, and are depicted as a function of the alternation period in Fig. #results direction was not statistically significant for Fissile-bias condition, it became significant for 83.3, and 93.9 ms conditions in Coherent-bias condition. In these conditions, the negative pairs appeared to be more easily segregated than the positive pairs. This suggest that our perceptual system would be more tolerant to the deviation which could happen in the natural environment.
Experiment 5: Trajectory Identification on the RS-F0 Plane
Purpose Although RS and F0 can be treated as mutually independent informations in the frame work of the source-filter model, the results of Experiment 4 suggest that RS and F0 informations would be perceptually linked. The purpose of this experiment was to investigate how easily these each of two aspects could be extracted independently from the other and how explicitly these two aspects could be combined in the space for auditory objects.
Stimulus
Series of synthesized vowels were generated with the combinations of RS and F0 represented as dots on the circular trajectories in Fig. 10 based on a vowel "a" uttered by a Japanese male speaker (indicated as a gray disk on the figure). The sounds on the center circular trajectory depicted with the white disks were used for a standard stimulus. The sounds on the other circular trajectories depicted with the black disks were used for a comparison stimulus. In each trial, a triplet of one standard and two comparison stimuli were presented. One of the comparison stimuli was a target, and the other was a lure. The target had a "common" trajectory pattern to the standard:(Task-A) in the 2-dimensional RS-F0 plane ; (Task-B) along the RS dimension; (Task-C) along the F0 dimension (see Fig. 11 ).
Task
Each participant participated in the three types of the task (A, B, and C). In Task-A, it was required to choose one of the comparison stimuli where the transition direction, i.e., clockwise, or counter-clockwise, in the RS-F0 plane was the same as the standard stimulus. Because there existed a 90-degree difference in the initial phases between the standard and the target comparison stimuli, each participant would fail if he/she made a choice depending on either RS or F0 transition pattern. In Task-B, the relevant cue was the transition pattern in the RS dimension. In Task-C, the relevant cue was the transition pattern in the F0 dimension.
Results and Discussion
Fig. 12 depicts the correct response rates for each of the three tasks. The chance level of these tasks was 0.5. While the performance levels in Task-B and Task-C were significantly above the chance level, the performance level in Task-A was at the chance level. These results suggest that it is possible to make judgments by extracting the transition patterns in RS or F0 while it is hard to have the exact image of the position of auditory objects in the assumed RS-F0 plane. It was also observed that the performance level for the F0 transition was significantly higher than that for the RS transition.
Experiment 6: Scale Alternating Wavelet Sequence (SAWS)
Purpose
The results of Experiment 2 and 3 indicated that the extraction of RS information was possible for rather a short period, say, 100 ms. To inquire the minimum duration necessary to extract RS information, Takeshima, Tsuzaki and Irino [5] investigated the dependency of discrimination thresholds in RS on the segmental duration. As a another approach to the temporal aspect of the extraction of RS information, a new type of stimulus, Scale Alternating Wavelet Sequence (SAWS) has been introduced, where a impulse response of a certain vocal tract and its scaled version periodically alternated each other. Although it was originally designed to test the possibility of segregation, the preliminary listening told that the most prominent percept for SAWSs was an octave pitch shift without changing chroma. Therefore, the purpose of this experiment was to investigate the pitch matching for SAWSs.
Stimulus
To generate SAWSs, the typical overlap-and-adding method for vowel resynthesis in time domain was applied. In the normal resynthesis, an impulse response of a certain vocal tract was overlap-and-added at the fundamental period. In SAWSs, the original impulse response was replace by its scale version (dilated or contracted) at every other cycle. Three impulse responses, i.e., "a, i, u", estimated from the samples by a Japanese male speaker was used as the original wavelet. The factor of RS modification was 0.50, 0.80, 0.83, 0.87, 0.91, 1.00, 1.04, 1.09, 1.14, 1.19, 1.25, or 2.00. The scaling factor less than 1.00 means contraction, which corresponds to the shrinkage of the vocal tract; that greater than 1.00 means dilation, which corresponds to the enlargement of the vocal tract. The fundamental period for SAWSs was 8 ms. Comparison stimuli used for pitch matching were generated by attenuating the odd harmonics of the vowel sounds synthesized with a 16-ms base period having the same vowel category as the standard SAWS. And a series of comparison stimuli were generated with the attenuation factor up to -40 dB by a 1 dB step. The odd harmonics attenuation was accomplished by adding the delayed version of the original waveform with the required amount.
Task
Each listener was required to match the pitch of the comparison stimulus to that of the test stimulus by adjusting the attenuation level of the odd harmonics of the comparison stimulus. 
Results and Discussion
The distribution of matching was unimodal along the axis of odd-harmonics attenuation. The boxplots were depicted as a function of the scaling factor in Fig. 13 . The degree of scaling could be a good indicator of the attenuation of the odd harmonics. The reference stimulus whose scaling factor was 1.0 matched to the comparison with about 22 dB attenuation in median. This amount of attenuation corresponds to that has been reported to induce the upward pitch shift by an octave in the preceding studies. For both sides of scaling, i.e., contraction and dilation, the matched attenuation level gradually decreased as the degree of scaling increased.
GENERAL DISCUSSION
Vowel categorization did not seem to be critically influenced either by the unnatural sinusoidal modulation of RS or by the rapid RS change applied at every vowel segment. These observations were compatible with the Mellin transformation model of the auditory processing where the decomposition of the size and shape aspects of the vocal tract is assumed to be executed in an automatic and bottom-up manner. The resonant scale reflecting the size aspect could work as a reliable cue for the sound source identification. It seemed that the resonant scale could induce segregation more easily than the fundamental frequency.
Although both the resonant scale and the fundamental frequency can provide a reliable cue for size judgment of sound sources in the natural environment, they are originated from the different modules of the speech production, i.e., the source (the rate of glottal pulses) and the filter (the vocal tract length). Perceptually, the extraction of one of these two properties could be achieved even under the condition where the other property changed in a distractive manner. However, the perceptual congruency seems more strong when the changes in the two cues occur in the way they could do under the natural circumstances.
Because SAWS induced no clear segregation, one can argue that a single impulse response is not a sufficient unity to define the auditory object. On the other hand, the auditory system can "discriminate" impulse responses with different resonant scales in a cycle-by-cycle manner.
